Introduction and Summary
When the ISR is used as a pp collider a highintensity proton beam in Rl collides with a low-intensity antiproton beam in R2 for periods of up to two weeks.
The luminosity lifetime is increased with a vertical stochastic cooling system in Rl designed for currents up to 10 A with a total bandwidth of 3.3 GHz. Cooling rates up to 0.7%/O/h have been obtained. The R2 antiprotons are cooled vertically with a 100-600 MHz system which decreases the initial beam height by up to a factor 7 and increases the luminosity by a factor 1.3-1. 4 Both devices are divided into identical halves for treating the inner and outer parts of the beam separately.
They are usable up to 4 GHz but with the chosen slot size (4 x 30 mm) the upper 3 dB cut-off frequency is 3 GHz.
With all the system components included, the measured 6 dB cut-off frequencies were 0.85 and 2.5 GHz giving a total bandwidth of 3.3 GHz for beams large enough in momentum to be seen by both system halves.
The kicker is driven by two 1-3 GHz, 0.5 W solid state amplifier.
The power is sufficient for optimum cooling of stacks larger than 5 A.
The maximum phase error is 20P with phase equalizers included.
The cooling 3rates for the system were estimated using the formula
where W is the bandwidth, N the number of particles, g the system gain taken from the measured frequency response, M the mixing factor and U the noise-to-signal power ratio.
With overlapping transverse and longitudinal Schottky bands the main contribution to the heating term is from the residual longitudinal Schottky signal originating from the finite common-mode rejection. Therefore the cooling rate depends strongly on the vertical beam size.
Typically for a 10 A stack with a 0v of 1.2 mm the calculated cooling rate is 0.7%o/h which is about the same as the blow-up rate due to intra-beam scatterinq and gas scattering.
For this reason it is not expected that the system will decrease the initial beam height; at best the av is kept constant.
The system has been in operation for several of the pp physics periods.
In one case a proton stack was kept circulating for nine and a half days.
Cooling was applied during the first four days and the last 50 hours of this period.
The beam height was measured regularly with a vertical transverse Schottky scan normalized with the square root of current.
The cooling rate of the system varied between 0.3%O/h and 0.65%O/h. Figure 2 shows the vertical Schottky scan before and after the last 50 h of cooling.
A comparison between the two signals shows that the performance of the inner half system is better than for the outer half system which has a small delay error.
This emphasises the problems with the setting up of the system which is only with difficulty adjusted by comparing the Schottky scans with the loop open and closed.
The mixing is almost complete and the overlap between the transverse and longitudinal Schottky bands makes it difficult to measure the vertical Schottky scan from the cooling pick-up. The antiprotons are cooled in the vertical plane with a system based on a directional coupler pick-up and kicker.
The plate length of 155 mm was chosen to be such that the system works up to frequencies whe e waveguide modes propagate inside the vacuum chamber The pick-up assembly is composed of two pick-ups, the signals from which are added for increased signal-tonoise ratio.
With two assemblies (Fig. 1) , one for a Q-value of 8.62 (FP working line) and another for a Qvalue of 8.88 (ELSA or DL working line) the system 5can be used for all the standard ISR working conditions5.
With carefully designed gain equalizers a 100-600 MHz frequency range could be obtained.
The maximum kicker power is 2 W which is sufficient for currents in the mA range. The system has been in operation in all the periods with pp colliding beam physics (see Table I ).
The decrease in vertical height depends almost entirely on the initial vertical emittance of the antiproton beam.
Cooling ceases when the signal-to-noise ratio has decreased to -0.2.
The final beam height is not known with precision but in one case a av of about 0.4 mm in a standard intersection was measured from the scraping of a 2 mA antiproton stack. is almost entirely determined by the proton beam height and a factor 1.3-1.4 is gained with the cooling system if it is supposed that the beam height is the same for the p and F stacks if cooling is not applied.
The Momentum Cooling System
The stacking aperture in the ISR for protons is 60 mm but for antiprotons this aperture is limited to 20 mm by a detector magnet.
To allow several stacks from the antiproton accumulator to be stored in the ISR it has therefore been necessary to construct a momentum cooling system for the antiprotons (see the p transfer procldure in ref. 5 ). The system uses the Palmer method and is designed in such a way that momentum cooling and horizontal betatron cooling are obtained simultaneously.
The position-dependent gain is produced by a partial aperture pick-up with minimum gain at the centre orbit (Fig. 3) .
In total four pick-ups are used.
The correcting elements are four wideband accelerating gaps driven by four 50 W solidstate amplifiers. Cross-sectional view of the momentum cooling pick-up.
The position to which the particles converge can be varied with a radial bump in the pick-up.
The system has been in operation in two pp physics periods.
Momentum cooling is illustrated in Fig. 4 . With the radial bump chosen to be such that the particles accumulate close to the outer aperture limit the stack core is not disturbed when the next AA stack is deposited at the low momentum edge.
In this case a bump of 6 mm was applied and the final 6.66 mA p stack was built up from three AA stacks with momentum cooling between the transfers. In total this beam was kept circulating for more than ten days and finally a peak density of 2.8 mA/mm was reached. This affects the cooling in such a way that the beam is locally heated and an increase in the background rate is observed if the aperture is restricted in an interaction region.
In the ISR the p stacking aperture is small and the initial density distribution often irregular.
In some cases the momentum cooling system caused small beam losses and a perturbing increase in the background rate.
The vertical cooling system in R2 has never negatively affected the background rate. The system in Rl has only perturbed the data-taking for an experiment which measured the pp cross-section with detectors close to the beams.
Other applications
In an experiment in preparation in the ISR a lowenergy antiproton beam (3.5-7.5 GeV/c) in R2 collides with a hydrogen gas jet.
In this mode of operation cooling in both the vertical and longitudinal planes is essential.
The p lifetime is increased with the vertical cooling system which counteracts the rapid vertical growth caused by the gas curtain on the circulating beam.
With the momentum cooling system the required high mass resolution is obtained and the momentum loss caused by the gas jet neutralized.
In a test with the gas jet and protons at 4.05 GeV/c the equilibrium av was 1.2 mm and the minimum rms momentum spread obtained was ±0.08% for a beam current of 6 mA.
A period of colliding beam physics with a-particles is planned for this year.
The broadband vertical cooling system in Rl will then be used for cooling of a-particles. A cooling rate of 2-3%o/h is expected for a 5 A stack at 26 or 31 GeV/c.
